Net photosynthesis (Pn) is reversibly inhibited at moderately high temperature. To investigate this further, we examined the effects of heat stress on Arabidopsis plants in which Rubisco activase or thylakoid membrane fluidity has been modified. During heating leaves from 25 to 40°C at 250 ppm CO 2 and 1% O 2 , the wild-type (WT), plants expressing the 43 kDa isoform only (rwt43), and plants accumulating activase 40% of WT (R100) exhibited similar inhibitions in the Pn and Rubisco activation state. Despite better membrane integrity than WT, plants having less polyunsaturation of thylakoid lipids (fad7/8 double mutant) failed to maintain greater Pn than the WT. Plants expressing the 46 kDa isoform only (rwt46) exhibited the most inhibition, but plants expressing a 46 kDa isoform incapable of redox regulation (C411A) were similar to the WT. The null mutant (rca) exhibited a continuous decline in Pn. As measured by fluorescence, electron transport activity decreased concomitantly with Pn but PSII was not damaged. Following a quick recovery to 25 from 40°C, whereas most lines recovered 90% Pn, the rwt46 and rca lines recovered only to 59 and <10%, respectively. As measured by NADP-malate dehydrogenase activation, after an initial increase at 30°C, stromal oxidation in the WT and rwt46 plants did not increase further as Pn decreased. These results provide additional insight into the role of Rubisco activation and activase in the reversible heat inhibition of Pn.
Introduction
Photosynthesis, the carbon dioxide assimilation process driven by light energy in plants, is one of the physiological processes sensitive to a high temperature environment. Elevation above the optimum growth temperature causes a reduction in the net photosynthesis (Pn) of many species (i.e. wheat, cotton and tobacco) (Kobza and Edwards 1987 , Feller et al. 1998 , Crafts-Brandner and Law 2000 , Crafts-Brandner and Salvucci 2000 , Portis 2003 , Salvucci and Crafts-Brandner 2004a . Prolonged exposures at even higher temperatures (>40°C) generally result in an irreversible inhibition of Pn, due to a disruption in thylakoid membrane lipid integrity and concomitant damage to photosystem II (PSII) (Berry and Björkman 1980 , Seemann et al. 1984 , Bilger et al. 1987 . Inhibition of Pn under moderately high temperature (<40°C) is distinguished from inhibition at higher temperatures (>40°C) by its rapid reversibility. Even though the primary mechanisms accounting for the inhibition are still unclear, a reduction in the activation state of ribulose 1,5-bisphosphate carboxylase/oxygenase (Rubisco) accompanies the decrease in Pn (Weis 1981 , Crafts-Brandner and Salvucci 2000 , Sharkey et al. 2001 , Salvucci and CraftsBrandner 2004a .
In general, the activation state of Rubisco is regulated by Rubisco activase (Portis 2003) , which is a member of the AAA + family (ATPase associated with diverse cellular activities) (Neuwald et al. 1999) . Activase consists of two isoforms generated from alternative splicing of pre-mRNAs in many plant species. Activase releases tightly bound sugar phosphates from the catalytic sites of Rubisco using ATP hydrolysis and maintains a high Rubisco activity (Portis 2001) . The ATP hydrolysis and Rubisco activation activity of both isoforms are regulated by the ADP/ATP ratio in chloroplast. In Arabidopsis, the larger isoform of activase is more sensitive than the smaller isoform to ADP and is regulated additionally by the redox state inside the chloroplast Portis 1999, Zhang et al. 2002) .
A possible role for activase in the temperature inhibition of photosynthesis was suggested by its temperature sensitivity (Robinson and Portis 1989) and previous studies showing that the light activation of Rubisco was one of the most heat-sensitive steps in photosynthesis (Weis 1981, Kobza and Edwards 1987) . Numerous studies have examined the temperature dependence of activase and confirmed that activase is very heat labile (Crafts-Brandner et al. 1997 , Salvucci et al. 2001 . In addition, a correlation between the heat stability of activase and the heat tolerance of plants from contrasting thermal environments has been reported recently (Salvucci and Crafts-Brandner 2004b) . However, a clear understanding of the exact role of activase is hampered by inconsistencies in the temperature range where activase loses activity and photosynthesis is inhibited with different experimental conditions.
Additional factors have also been suggested to be involved in reversible temperature inhibition in plants. Rubisco activity measured in vitro slowly declines with time as its catalytic sites accumulate mis-catalyzed inhibitory products, often referred to as 'fallover' (Edmondson et al. 1990 ). This process is normally not exhibited in planta at optimal growth conditions because Rubisco activase is thought to release inhibitors from the catalytic sites of Rubisco and promotes the carbamylation of Rubisco, preventing deactivation (Robinson and Portis 1989, Portis et al. 1995) . However, deactivation of Rubisco was shown to be facilitated as temperature increases in vitro (Crafts-Brandner and Salvucci 2000) . Inefficiency of Rubisco activase to offset faster deactivation of Rubisco was suggested to constrain photosynthesis at high temperature Crafts-Brandner 2004a, Salvucci and Crafts-Brandner 2004b) .
Electron transport capacity has also been suggested as a causative factor in the reversible temperature inhibition of photosynthesis. Recently, a limitation in electron transport and concomitant reduction of ribulose 1,5-bisphosphate (RuBP) regeneration were implied to lower the CO 2 assimilation rate at moderately high temperature in field-grown cotton (<40°C) . However, various studies have suggested that the electron transport capacity of a variety of plants including cotton is still highly functional and thus the RuBP level remains high at temperatures <40°C (Salvucci and CraftsBrandner 2004a) . Meanwhile, increased thylakoid membrane fluidity at moderate temperatures was reported to cause increased ionic conductance (Pastenes and Horton 1996 , Bukhov et al. 1999 ). Even though PSII activity is not affected by this process, the level of various regulatory metabolites (e.g. ATP and NADPH) can be changed by uncoupling photosynthetic electron transport from photophosphorylation (Sharkey 2000) . Several studies reported a marginal increase in stromal oxidation at elevated temperature, but ATP levels were not changed (Pastenes and Horton 1996, Schrader et al. 2004) . ATP pools are speculated to be compensated by increased cyclic phosphorylation by PSI or lowered usage of ATP due to deactivation of Rubisco . As mentioned earlier, the large isoform of activase is regulated by redox potential, and increased stromal oxidation can result in the deactivation of Rubisco. However, the absence of the large isoform in plants such as tobacco further complicates the assessment of the impact of redox changes on Rubisco activase activity in the temperature response of these plants.
To investigate further the role of activase in the reversible inhibition of photosynthesis upon heating in planta, we measured gas exchange and leaf chlorophyll fluorescence parameters of various Arabidopsis lines in which activase has been modified. In addition, we examined an Arabidopsis mutant in which thylakoid membrane fluidity has been altered to study the possible role of electron transport and membrane leakiness in the inhibition. CO 2 -limiting conditions were used to minimize the influence of other photosynthetic processes (i.e. RuBP regeneration, triose phosphate utilization and photorespiration) on the Rubisco activation state.
Results

Gas exchange parameters at moderately high temperatures
To study the role of activase in the reversible temperature inhibition of photosynthesis, the response of photosynthesis to increasing temperature was measured with different Arabidopsis lines in which the activase has been modified. In addition, to investigate the role of thylakoid membrane fluidity, photosynthesis of the fad7/8 mutant was also investigated. An external CO 2 of 250 ppm was selected to ensure that photosynthesis was carboxylation limited, and oxygen was maintained at 1% to minimize photorespiration. A saturating light intensity of 400 µE m -2 s -1 was selected from the light response measured Fig. 1 Effect of temperature on net photosynthesis (Pn) of various Arabidopsis lines. Pn of various Arabidopsis lines in which activase or thylakoid membrane fluidity is modified was measured as described in Materials and Methods. Pn was measured with 250 ppm CO 2 , 1% oxygen and 400 µmol m -2 s -1 of light illumination. The temperature was increased at a rate of 1°C/3 min. Pn rates of three or more independent plants for each line were averaged and fitted to a third order polynomial equation. SEs are shown by the error bars. WT (circle), wild-type Arabidopsis (Columbia ecotype); rca (left-pointing triangle), a mutant of Arabidopsis lacking both isoforms of Rubisco activase; rwt43 (square), a line which is a complementation of the rca mutant with the small isoform (43 kDa); rwt46 (top-pointing triangle), a line which is a complementation of the rca mutant with the large isoform (46 kDa); C411A (right-pointing triangle), a line which is a complementation of the rca mutant with the large isoform (46 kDa) in which the C-terminal disulfide bond cannot be formed; R100 (bottom-pointing triangle), a line which accumulates 40% of the normal level of activase, obtained by transformation of the RLD WT with an antisense construct; fad7/8 (diamond shape), a mutant line which lacks two chloroplast-localized ω-3 fatty acid desaturases and therefore has less trienoic fatty acid in the thylakoid membrane lipids.
at 25°C. The dependence of photosynthesis on internal CO 2 (A-Ci curves) and the light responses measured at 38°C showed that photosynthesis remained carboxylation limited at 250 ppm CO 2 at this temperature (data not shown). During heating of the leaves, stomatal conductance and relative humidity were maintained above 0.1 mol H 2 O m -2 s -1 and 40%, respectively.
At 25°C, the initial photosynthesis rate varied in the different Arabidopsis lines (Fig. 1) ) than the WT and rwt43 lines, possibly reflecting altered regulation and a lower intrinsic Rubisco activation activity of the large activase isoform (Zhang and Portis 1999) . Rwt46 lines that contained a cysteine to alanine mutation in the C-terminus (Zhang et al. 2002) ) compared with the WT, in agreement with a previous report . The fad7/8 leaves also exhibited a slightly lower Pn than WT, indicating that a reduced level of unsaturated fatty acids in the thylakoid membrane also had minimal effects on Pn. Due to the absence of activase, the rca lines exhibited the lowest Pn (5.14 µmol CO 2 m -2 s -1 ). All the lines showed large declines in photosynthesis at high temperature (Fig. 1) . To facilitate comparisons between the lines, the responses of photosynthesis to temperature were fit to third order polynomial regressions and the temperatures at which photosynthesis declined by 5% (onset temperature) and 50% (T 50 ) were determined. The measured T 50 of leaf photosynthesis for five of the Arabidopsis lines (WT, rwt43, C411A, fad7/8 and R100) were essentially the same, being 38.6, 38.7, 38.5, 38.5 and 38.1°C, respectively. These five lines also had similar onset temperatures ranging from 32 to 33°C.
In contrast, leaves of the rwt46 plants exhibited an earlier onset temperature (approximately 29°C) and a much lower T 50 (34.8°C). The temperature sensitivity of the rwt46 leaves was somewhat greater than that of rca leaves (T 50 = 35.55°C) and, at high temperature (>38°C), rwt46 had lower photosynthesis rates than rca leaves. Pn in WT plants was also measured with 21% oxygen and, while it was lower (Pn of 6.98 µmol CO 2 m -2
), reflecting photorespiration, a similar onset temperature and T 50 were observed compared with 1% oxygen (data not shown).
Leaf chlorophyll fluorescence at moderately high temperatures
Chlorophyll fluorescence parameters were also measured simultaneously with gas exchange to monitor electron transport efficiency. Under limiting CO 2 and 1% oxygen, the quantum efficiency of PSII (Φ PSII) exhibited similar inhibition profiles to those of photosynthesis (Fig. 2) . Under conditions minimizing photorespiration, Pn and Φ PSII are expected to be highly correlated (Maxwell and Johnson 2000) .
In contrast to Φ PSII, photochemical quenching (qP) of WT, rwt 43, fad7/8 and R100 increased gradually and showed a broad optimal range (33-37°C) before decreasing a little at higher temperature (38-40°C). Nevertheless, all qP values were higher than at 25°C. Even at 40°C, qP in these lines was maintained at a high level (0.5-0.6), which indicates that >50% of the reaction centers in PSII remained in an open state (Fig.  3) . In contrast, qP values of rwt46 and rca were much lower (0.4 and 0.32, respectively) at 25°C, and qP of the rwt46 leaves declined more at the highest temperatures examined (38-40°C). Measurements of the maximum quantum efficiency of PSII (Fv/Fm) of the WT also showed that while electron transport capacity was gradually reduced above 35°C, it was still high (data not shown). Compared with the measured value at 25°C (0.82), Fv/Fm at 40°C (0.68) was only reduced by 18%.
This result indicates that while the electron transport potential of PSII is slightly decreased, it remained highly functional. ACi curves measured with WT and rca at high temperature (data not shown) demonstrated that photosynthesis at 250 ppm CO 2 is still far from an electron transport limitation. Thus, at the highest temperature examined (40°C), photosynthesis was still carboxylation (Rubisco) limited in these experiments.
Recovery from inhibition at moderately high temperatures
To examine the reversibility of the inhibition of photosynthesis caused by raising the leaf temperature to 40°C, we monitored the recovery in Pn and PSII activity during rapid cooling of the leaf chamber (Fig. 4) . After measuring photosynthesis rate and Φ PSII during a temperature rise from 25 to 40°C over 3,800 s, the leaf temperature was then rapidly reduced to 25°C within 20 min. In the WT, >90% of the photosynthesis rate was recovered after cooling ( Fig. 4A) and similar results were obtained with the rwt43, fad7/8 and R100 leaves (not shown). The rwt46 leaves only partially recovered photosynthesis (59%) (Fig. 4B) . The rca leaves only slightly recovered their photosynthetic ability upon cooling (5%) (Fig. 4C) . The Φ PSII was recovered similarly to the photosynthesis rate in most of the lines. In contrast, Φ PSII in rca leaves failed to recover upon cooling. Since the critical temperature of rca plants measured under darkness (Fig. 5 ) was relatively low (39.6°C), it was possible that the electron transport chain became damaged in this experiment, resulting in no recovery in Φ PSII. However, another experiment (Fig. 4D) showed that the photosynthesis rate and Φ PSII of rca also did not recover from a more moderate temperature exposure where no increase in basal fluorescence was observed (exposure to 34.5°C for 20 min before cooling to 25°C). Interestingly, both Pn and Φ PSII decreased continuously even during maintenance of the leaf at a fixed temperature (34.5°C) in this experiment. No recovery in Φ PSII during cooling can be explained by damage to PSII due to acceptor-side limitations in the electron transport chain. In the absence of Rubisco activase (rca plants), this limitation was the most prolonged and severe because the activation state of Rubisco was always low and could not be recovered. This situation may be worsened under the low oxygen level and saturating light illumination used because of the very limited availability of alternative paths for energy dissipation such as photorespiration. Taken together, these data clearly demonstrate that Rubisco activase is a critical component for recovery after an inhibition of photosynthesis by exposure to high temperature.
Critical temperature measurements
At high temperatures, the primary sites of damage are thought to be components of the photosynthetic system located in the thylakoid membrane, such as PSII (Berry and Björkman 1980) . The Arabidopsis double mutant, fad7/8 which has lipids with more saturated fatty acids than WT because of reduced trienoic fatty acids in the thylakoid membrane lipids, exhibited better tolerance to high temperature and a more stable electron transport system (Murakami et al. 2000) . If damage to membrane components or membrane leakiness contributes to the inhibition of photosynthesis at more moderate temperatures, we reasoned that a higher heat tolerance of photosynthesis should be observed in the fad7/8 mutant than the WT. To confirm the increased stability of the thylakoid membranes, we determined the critical temperature of Arabidopsis leaves by monitoring the increase in basal fluorescence (Fo) of leaves under dark conditions (Fig. 5) . The critical temperature was significantly higher in fad7/8 (42.2°C) than in the other plants: WT (40.1°C); rwt 43 (40.5°C); rwt46 (39.9°C); R100 (41.2°C); and rca plants (39.6°C). These results substantiate that the electron transport components are more stable to high temperature exposure in the fad7/8 leaves. However, the lack of significant differences in the temperature response of the Pn rate and electron transport between the WT and fad7/8 leaves suggests that the lower rates of photosynthesis observed at these temperatures are not the result of damage to electron transport.
Rubisco activation State at different temperatures
The Rubisco activation state in leaves exposed to three different temperatures was examined (Table 1 ). In general, Rubisco activation states were well correlated with the net photosynthesis profile vs. temperature. At 25°C, rwt43 maintained a higher activation state than WT, while the rwt 46 and rca leaves exhibited lower Rubisco activation states than the other lines. The higher activation state of Rubisco in the rwt43 plants is consistent with the inability to redox regulate activase in these plants, which must be occurring in the WT plants under the conditions used. The activation state of Rubisco in WT at 25°C was 56% in this study, which was slightly less than that measured (65%) under typical growth conditions . The low Ci (about 200 ppm) and oxygen (1%) used in our study might be responsible for the difference. At 32°C, most of the lines showed no significant decrease, but the rwt 46 leaves showed an 8% decrease in initial/total activity of Rubisco. Compared with 25 and 32°C, a large reduction in Rubisco activation state occurred at 38°C in all the lines. These results agree with previous reports that examined other plants, which have suggested that the activation state of Rubisco limits the rate of photosynthesis at moderately high temperatures (Portis 2003, Salvucci and Crafts-Brandner 2004a) .
Chloroplast redox state at moderately high temperature
In planta, the activity of NADP-malate dehydrogenase is regulated by the NADPH/NADP ratio and the stromal redox -2 s -1 light. Activation assays were performed with slight modifications of the method described by Scheibe and Stitt (1988) . WT (circle), rwt46 (top-pointing triangle) Table 1 Activation state measurements of Rubisco isolated from the leaves exposed to different temperatures Plants were exposed to a rapid temperature increase (1°C/3 min). After 3 min exposure at the designated temperature (25, 32 and 38°C), a leaf sample was taken. Crude soluble proteins were isolated and Rubisco activation states were monitored as described in Materials and Methods. Activation states were calculated as a percentage of initial activity vs. maximized activity of Rubisco. Values from three independent plants for each line were averaged and the mean ± SE is shown.
25°C
3 2°C 3 8°C WT 55.6 ± 1.8 55.0 ± 0.8 37.2 ± 2.5 rwt43 66.3 ± 0.5 67.0 ± 1.0 38.0 ± 4.5 C411A 53.1 ± 0.1 52.4 ± 1.6 29.6 ± 1.6 fad7/8 51.0 ± 0.8 50.9 ± 2.4 40.0 ± 1.0 RLD WT 45.4 ± 4.2 41.6 ± 4.6 26.7 ± 5.5 R100 51.0 ± 0.9 46.0 ± 4.7 27.4 ± 4.2 rwt46 37. Temperature inhibition of photosynthesis 527 state. The redox status in the chloroplast stroma of WT and rwt46 Arabidopsis leaves was indirectly measured by assaying NADP-dependent malate dehydrogenase activity extracted from leaves exposed to different temperatures (Fig. 6) . The NADP-malate dehydrogenase activation states in WT and rwt46 leaves at 25°C were 20.6 and 25.6%, respectively, and were similar to the values reported in previous measurements at 25°C under low oxygen content (<2%) with other plants (Pastenes and Horton 1996, Sharkey et al. 2001) . Between 25 and 30°C, the activation state significantly decreased, but then showed no significant change at 38°C. The results indicate that the reduction state inside the chloroplast was slightly lowered at even moderate temperatures (approximately 30°C). This decline is expected to decrease the activation activity and ATPase activity of the activase in plants containing the large isoform.
Discussion
Carboxylation and not electron transport is the primary factor for inhibition of photosynthesis at moderate temperatures Previous research indicates that the temperature dependence of Rubisco kinetics and its activation state are sufficient to account for the observed rates of Pn as the temperature increases (Berry and Björkman 1980 , Weis 1981 , Salvucci and Crafts-Brandner 2004a . However, the basis for a lowered activation state is controversial, being attributed to either lowered activation activity coupled with increased Rubisco deactivation or a response to lower electron transport. Several observations in our studies indicate that the reduced electron transport activity is just a concomitant response to the lowered carboxylation activity of Rubisco. First, PSII activity was limited by the Rubisco activation state (Fig. 1, 2 ). The differences in Pn rates of rwt43, rwt46, R100 and C411A measured at 25°C reflect the Rubisco activation activity of the corresponding activase form measured under in vitro conditions (Eckardt et al. 1997, Zhang and Portis 1999) . Φ PSII and qP at 25°C were closely correlated with Pn and the activation state of Rubisco in each line. Secondly, PSII is still functional at temperatures where net photosynthesis was severely inhibited. As temperature increases, the Φ PSII decreased along with Pn but a similar portion of open PSII reaction centers (qP) to ambient temperature (25°C) was maintained (Fig. 3) . In addition, the intrinsic Fv/Fm also showed only a marginal decrease at 40°C (data not shown), indicating that the lower rate of Pn is not initiated by PSII damage at these temperatures. Previously, it has been suggested that the energy available for photosynthesis is not utilized when CO 2 fixation is inhibited (Weis 1981 , Bilger et al. 1987 , Law and Crafts-Brandner 1999 . The reason that PSII reaction centers can be maintained opened and functional, regardless of the inhibition of photosynthesis, is likely to be the presence of alternative electron acceptors or increased cyclic electron transport in PSI (Bukhov et al. 1999) . Thirdly, the observation that the inhibition of electron transport could be relieved by increasing the ambient CO 2 concentration and the A-Ci curves obtained at high temperature (38°C) both indicate that at 250 ppm CO 2 photosynthesis is clearly not electron transport limited (data not shown). Therefore, the inhibition of photosynthesis in the various Arabidopsis lines is due to a lowered Rubisco activation state which concomitantly lowers electron transport via an acceptor-side limitation.
Improved thylakoid membrane integrity does not alleviate the inhibition of carboxylation activity at higher temperatures Increased membrane leakiness could contribute to photosynthetic inhibition at higher temperatures by reducing electron transport capability and/or lowering the concentration of cofactors important for maintenance of carboxylation activity (i.e. stromal ATP, pH, Mg 2+ , etc). If so, photosynthesis in leaves of fad7/8 plants, with better thylakoid membrane integrity due to lower membrane lipid unsaturation, would be expected to be less inhibited than in WT plants. This was not observed in our study, even though measurements of the critical temperature for Fo fluorescence confirmed that the structural stability of PSII in the thylakoid membrane was maintained higher than in the WT (Fig. 1, 5 ). Because we did not measure each component that might be influenced by membrane leakiness directly, it remains possible that a key component remains unaltered in the mutant. However, it should be noted that fad7/8 does maintain better O 2 evolution, when measured under conditions where electron transport is the limiting factor (Murakami et al. 2000) . Therefore, the fad7/8 results suggest that under growth conditions where Rubisco is limiting for a major part of the life of the plants, altered lipid composition alone will not be sufficient to improve the response of the plants to higher temperatures.
As a secondary effect of membrane leakiness, a decline in stromal ATP level was also previously speculated to be involved in photosynthetic inhibition via down-regulation of activase activity (Sharkey 2000) . However, measurements of whole leaf ATP levels indicated no significant reduction at moderately high temperatures (Pastenes and Horton 1996, Schrader et al. 2004 ). In addition, potential increases in cyclic electron transport can maintain leaf ATP levels (Bukhov et al. 1999, Salvucci and Crafts-Brandner 2004a) .
Increased deactivation of Rubisco itself contributes to the temperature inhibition of photosynthesis
The temperature inhibition of photosynthesis and lower activation state observed in the rca plants, which do not contain any activase, demonstrates that the Rubisco activation state in vivo is modulated by processes not related to Rubisco activase (Fig. 1) . A likely key component is that Rubisco isolated from higher plant species undergoes slow inactivation in vitro, which is caused by inhibitor formation (Edmondson et al. 1990 ). This process was shown recently to be facilitated in vitro as the temperature increases (Crafts-Brandner and Salvucci 2000) . Otherwise, the effects of temperature on the carbamylation equilibrium of Rubisco in the absence of activase and the pres-ence of RuBP or other sugar phosphate inhibitors have not yet been studied in detail. Nevertheless, the rca results are consistent with the idea that increased rates of Rubisco deactivation occur in vivo and contribute to the temperature dependence of photosynthesis.
Limitation of Rubisco activase to maintain Rubisco activation state
In addition to increased deactivation of Rubisco at higher temperatures, numerous lines of evidence suggest that lower rates of re-activation of Rubisco by the activase contribute to the decrease in photosynthesis and the steady-state level of Rubisco activation (Crafts-Brandner and Salvucci 2000, Crafts-Brandner 2004a, Salvucci and Crafts-Brandner 2004b) . The intrinsic heat sensitivity of both the ATPase and activation activity of activase as well as disrupted activase-Rubisco interactions have been suggested as possible factors Salvucci 2000, Portis 2003 ). Thus we anticipated that the R100 plants, which contain only 40% of the WT levels of activase, would exhibit less Pn at the upper end of the examined temperature range and more thermal sensitivity than the WT. However, this was not observed, as reflected by Pn, the onset temperature and the T 50 (Fig. 1 ). An important factor determining Pn is the hyperbolic response of photosynthesis to activase concentration. The steady-state photosynthesis/activation state of Rubisco in transgenic tobacco plants expressing a wide range of activase approached saturation when the activase level was only about 10-15% of WT, although the activation rates as measured by the rate of photosynthetic induction were proportional to activase concentration (Mate et al. 1996 , Hammond et al. 1998 . Therefore, the similar Pn, onset temperature and T 50 for the R100 and WT plants suggest that the rate of Rubisco deactivation increases markedly with temperature, whereas the activation activity in both is maintained above this critical level over the temperature range examined. In contrast to the R100 plants, the rwt46 plants were more sensitive to temperature, as reflected by onset temperature and T 50 (Fig. 1) . However, these plants have a significantly lower photosynthetic rate even at 25°C, which indicates that the activase activity level is close to a critical level. A lower specific activation activity of the 46 kDa isoform was observed in vitro (Zhang and Portis 1999) and, accordingly, the rwt46 plants exhibit a very slow induction of photosynthesis (R.G. Ewy and A.R. Portis, unpublished data). Models of activase-catalyzed activation (Mate et al. 1996) coupled with uncatalyzed deactivation can predict contrasting temperature responses for the WT, R100 and rwt46 plants (A.R. Portis, unpublished data) .
A very significant feature of the lower photosynthesis rates observed at higher temperatures is that they were rapidly reversed when the temperature was lowered in all the plants except the rwt46 and rca plants, where only partial or very little recovery occurred, respectively. This feature was noted previously in studies of antisense tobacco plants not expressing activase, where the temperature was increased to 40°C or more and a critical level of activase (20%) was required for complete recovery (Sharkey et al. 2001) . Thus, the incomplete recovery in rwt46 plants in our study can be explained by initially low activation activity of the large isoform which declines below a critical level as temperature increases, as discussed previously. The rapid reversibility of the inhibition is consistent with increased rates of inhibitor formation and disrupted interactions between Rubisco and activase at higher temperatures, processes than can easily cease upon a return to lower temperatures. An irreversible inactivation of the activase and/or actual denaturation, which can be observed in vitro at the upper range of the temperatures examined here and in vivo at even higher temperatures, apparently does not contribute to the earliest stages of inhibition examined here.
Stromal oxidation may be involved but is not a significant factor in the temperature response of the WT The similar temperature responses of both the rwt43 and C411A plants, with no capacity for redox regulation, and the WT plants clearly indicate that stromal oxidation is not a contributing factor to the decline in photosynthesis rates and Rubisco activation observed in the WT plants at high temperature. However, in addition to the low initial activation activity of activase in the rwt46 plants, increased stromal oxidation could be occurring in these plants as temperature increases to reduce activase activity further. Previously, the redox state in the chloroplast at high temperature has been measured in an indirect way by assaying NADP-malate dehydrogenase activity (Scheibe and Stitt 1988 , Pastenes and Horton 1996 , Sharkey et al. 2001 ). In our study, NADPmalate dehydrogenase activity was decreased at 30°C but then no further decrease occurred at higher temperature. Similar to our results with Arabidopsis, NADP-malate dehydrogenase activities of bean and cotton were significantly reduced at comparable temperatures (Pastenes and Horton 1996, Schrader et al. 2004) . Thus increased stromal oxidation could be contributing to the increased temperature sensitivity of the rwt46 plants.
In conclusion, the results of our studies fully support the concept that an inhibited Rubisco activity is the basis for the inhibition of Pn at moderately elevated temperatures. The observed inhibitions in photosynthesis at moderately high temperature are due to a limitation in the Rubisco activation activity of Rubisco activase, and to activase-independent processes causing increased deactivation of Rubisco, both of which are rapidly reversible. Furthermore, Rubisco activase is an essential component to recover Pn inhibited by moderately high temperatures rapidly.
Materials and Methods
Plant materials
The following WT (Columbia or RLD) and transgenic Arabidopsis plants were used: rca, a mutant of Arabidopsis lacking both iso-forms of Rubisco activase (Salvucci et al. 1985 , Salvucci et al. 1986 ); rwt43, a line which is a complementation of the rca mutant with the small isoform (43 kDa) (Zhang et al. 2002 ); rwt46, a line which is a complementation of the rca mutant with the large isoform (46 kDa) (Zhang et al. 2002 ); C411A, a line which is a complementation of the rca mutant with the large isoform (46 kDa) in which the C-terminal disulfide bond cannot be formed (Zhang et al. 2002 ); R100, a line which accumulates 40% of the normal level of activase obtained by transformation of the RLD WT with an antisense construct ; and fad7/8, a mutant line which lacks two chloroplast-localized ω-3 fatty acid desaturases and therefore has less trienoic fatty acid in the thylakoid membrane lipids (McConn et al. 1994 ).
Plant growth
WT and the various Arabidopsis mutant lines were grown in a commercial soil (Sunshine Mix no. 1, J.R. Johnson Supply, St Paul, MN, U.S.A.) in a growth chamber at 200 µmol m -2 s -1 under fluorescent lights with incandescent supplement over a 12 h/12 h day/night cycle. A commercial plant food (Peters, St Louis, MN, U.S.A.) was given every third day at half-strength of the recommended dosage. For gas exchange measurements, the plants were grown in 13 cm×13 cm pots to obtain large leaves. The rca plants, which cannot survive under normal atmospheric conditions, were grown at 1,050 ppm CO 2 under the same conditions as above.
Photosynthesis and leaf fluorescence measurement
CO 2 assimilation and the calculated internal partial pressure of CO 2 were measured with an LI-COR 6400 (LI-COR, Lincoln, NE, U.S.A.) portable photosynthesis system with illumination at 400 µmol m -2 s -1 in the presence of 1% O 2 . The standard fluorescence leaf chamber (2 cm 2 ) was used for all measurements. The leaf temperatures achievable with this instrument were increased by attaching custom metal blocks to the chamber coupled to a circulating water bath (Bernacchi et al. 2002) . Leaf temperature was programmed to increase from 25 to 40°C (1°C/3 min increment) using the Peltier thermocouple attached to the LI-COR 6400. To minimize the decrease of humidity with temperature, the water content in the flow gas was manually adjusted, followed by matching sample and reference CO 2 . In addition, the room temperature was set to 33°C and the temperature of the external heat block was increased in a stepwise manner. For leaf temperatures <32°C, the temperature of the water bath was maintained at 30°C. To obtain leaf temperatures in the ranges of 32-35°C, 35-38°C and ≥38°C, the temperature of the external water bath was changed to 40, 65 and 80°C during the assay, respectively. To achieve rapid leaf cooling in the recovery experiments, the attached metal blocks were switched to another water bath maintained at 15°C. Measurements were made on individual leaves 7-8 weeks after planting. Fluorescence was measured simultaneously with gas exchange parameters using the the LI-COR 6400 fluorometer attachment. Because Ci changed significantly with leaf temperature during the experiments, the photosynthesis rates were normalized to a constant Ci using an ACi curve measured at 25°C.
To determine critical temperature, the leaves were dark-adapted inside the sample chamber for 30 min. Then leaf temperature was increased from 25 to 45°C (1°C increment/1 min) and Fo (basal fluorescence) was measured. The critical temperature was defined by the baseline intercept with a linear extrapolation of the rapid increase in Fo that occurs at high temperatures (Seemann et al. 1984) .
Activation state measurements with leaves exposed to different temperatures Leaves were exposed to a gradual temperature increase (1°C/ 3 min). After the leaf temperature reached the desired value (25, 32 and 38°C), a leaf disc (2 cm 2 ) was removed, quickly frozen in liquid N 2 and stored at -80°C until use. The frozen samples were ground into a fine powder in liquid N 2 and 0.5 ml of extraction buffer containing 100 mM Tricine KOH (pH 8.0), 1 mM EDTA, 2 mM dithiothreitol (DTT) and 10 µl ml -1 protein inhibitor cocktail (Sigma P-9599) were added. Side-by-side comparison with the presence and absence of Mg 2+ in the extraction buffer gave similar activation states, which indicates that at the high tissue/extraction volumes used, the endogenous Mg 2+ was adequate to prevent decarbamylation (data not shown). After rapid mixing, the sample was centrifuged for 10 s at 10,000×g. The initial Rubisco activity was assayed by adding 50 µl of supernatant into 450 µl of assay buffer containing 100 mM Tricine KOH (pH 8.0), 10 mM NaHCO 3 , 10 mM MgCl 2 , 0.5 mM RuBP and 10 mM NaH 14 CO 3 (2 µCi µmol -1 : 1 Ci = 37 GBq). The reaction was terminated after 30 s by adding 150 µl of 4 M formic acid/1 M HCl. The total Rubisco activity was assayed by first adding 40 µl of a mixture containing 150 mM NaHCO 3 and 150 mM MgCl 2 to 360 µl of the supernatant, and then by incubation of the sample at room temperature for 10 min. Subsequently, 50 µl of this sample was added to 450 µl of assay buffer, and the reaction was terminated as described above. The samples were dried overnight at 70°C, and the incorporation of 14 CO 2 into acid-stable products was determined by liquid scintillation counting.
NADP-MDH activation assay
Leaves were treated the same way as described for activation state measurements. Leaf discs were collected at 25, 30, 35 and 40°C and quickly frozen in liquid N 2. Activation assays were performed using a spectrophotometer with slight modifications of the method described by Scheibe and Stitt (1988) . Extraction buffer and assay buffer were sparged with nitrogen gas. Leaf proteins were extracted in 0.3 ml of extraction buffer [100 mM Tricine KOH, pH 8.0, 1 mM EDTA, 2 mM DTT, 0.1% (v/v) Triton X-100, 10 µl/ml protein inhibitor cocktail (Sigma P-9599)]. Extracts were centrifuged at 12,000×g for 15 s. A 50 µl aliquot of the supernatant was used for the determination of initial activity and 100 µl was incubated with the maximum activation buffer [1 vol. of extract, 0.25 vol. of 1 M DTT, 0.25 vol. of 1 M EPPS (N-2-hydroxyethylpiperazine-N′-3-propanesulfonic acid) pH 8.0] at room temperature for 40 min. For the initial activity, 50 µl of clear extracts were added to 1 ml of assay buffer (100 mM EPPS, pH 8, 1 mM EDTA, 1 mM DTT, 0.2 mM NADPH, 0.1 mg ml -1 of bovine serum albumin) and initiated by adding 2 mM oxaloacetate at 20°C. For the maximum activity, 100 µl of the activation mixture was used for the determination.
